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38
Mutation, migration, selection and genetic drift determine the evolution of populations, but 39 genetic drift has a much greater impact and selection is less effective in small than in large 40 populations (Frankham et al., 2002) . When both factors are operating, selection (deterministic) 41 predominates in large populations, while genetic drift (stochastic) predominates in small 42 populations (Kimura et al., 1963; Nei et al., 1975; Gherman et al., 2007) . Indeed, within small 43 populations, the random sampling of gametes due to genetic drift leads to i) random changes in of a population is the size of an ideal population which would drift at the same rate as the 50 observed population (Wright, 1931) . Thus, the Ne of a population is a measure of its genetic 51 behaviour, relative to that of an ideal population, characterized by no migration, no mutation, 52 no selection, no overlapping generations, equal sex-ratios, constant size in successive 53 generations (i.e. on average one offspring per adult), random union of gametes, and a Poisson 54 distribution of family sizes (Frankham et al., 2002) . Any characteristic of the real population 55 that deviates from those characteristics of the ideal population will cause the effective size (Ne) 56 to differ from the number of individuals in the population (N).
57
Plant pathogens impose a major constraint on food production worldwide. They are 58 often combated with pesticides, but the need to develop more sustainable production systems 59 fuels a trend towards a limitation of pesticide applications. Among possible alternatives to 60 chemical control, plant resistances look promising, but can only be used in the long term and 61 accepted in the short term if their durability is ascertained. Durability of host resistance was 62 defined as the persistence of resistance efficiency when resistant cultivars are used over long 63 periods, on large surfaces and in the presence of the target pathogen (Johnson, 1981 (Johnson, , 1984 : it 64 therefore depends primarily on the rhythm of adaptive changes affecting pathogen populations 65 in response to selection by host resistance. The speed of fixation of an advantageous allele 66 depends on the difference in its selection coefficient from that of the other alleles (ΔS) but also 67 on the action of genetic drift, which is influenced by the effective population size (Ne). The 68 value of the product Ne * ΔS determines whether the population will be mainly under the 69 4 influence of selection or of genetic drift (Crow & Kimura, 1970; Fraser, 1972; Charlesworth, 70 2009). Consequently, the selection of virulent alleles (the virulence being defined as the ability 71 to infect a resistant host - Vanderplank, 1963; Gandon & Michalakis, 2002; Tellier & Brown, 72 2007 , 2009 ) by resistant plants could be partly compromised by a low effective population size.
73
The effective size has been widely investigated both theoretically (Crow & Kimura, 74 1972; Nei & Tajima, 1981; Tajima & Nei, 1984; Criscione & Blouin, 2005) and experimentally 75 (Johnson et al., 2004; Wang, 2005; Araki et al., 2007) in a broad variety of organisms. For plant 76 pathogens, the effective size is a very important point to take into account in order to manage 77 plant resistances (e.g. Fabre et al., 2012) . Ne, and thus the importance of genetic drift, has been 78 explored for several plant viruses (e.g. Betancourt et al., 2008; Monsion et al., 2008; Zwart et 79 al., 2011; Gutiérrez et al., 2012; Fabre et al., 2012 Fabre et al., , 2014 and fungi (e.g. Damgaard & Giese, 80 1996; Zhan et al., 2001; Duan et al., 2010; Stukenbrock et al., 2011) . Regarding plant parasitic 81 nematodes there is only one recent study exploring the Ne of the beet cyst nematode Heterodera 82 schachtii from wild populations, sampled on Beta maritima (Jan et al., 2016) . The objectives 83 of the present study were to estimate the Ne of the potato cyst nematode Globodera pallida, and 84 to explore the link between Ne and the durability of plant resistances.
85
Several methods are dedicated to estimate effective population sizes (Wang, 2005; 86 Palstra & Ruzzante, 2008; Luikart et al., 2010) . Methods using a single-sample estimate Ne 87 from the linkage disequilibrium and/or the heterozygote excess (Pudovkin et al., 1996; Tallmon 88 et al., 2008; Waples & Do, 2008) , whereas temporal methods estimate Ne from the variation of 89 allelic frequencies between two temporally spaced samples. Deviations from Hardy-Weinberg 90 equilibrium due to heterozygote deficits have been recorded for three plant parasitic nematode 91 species (Globodera pallida - Picard et al., 2004 , Heterodera schachtii -Plantard & Porte, 2004 and Globodera tabacum - Alenda et al., 2014) and recently attributed to both consanguinity and 93 sub-structure at the plant scale (Montarry et al., 2015) . Those biological characteristics, 94 inbreeding and sub-structure (Wahlund effect), are known to bias single-sample estimators of 95 Ne (Zdhanova & Pudovkin, 2008; Waples & Do, 2010; Holleley et al., 2014) . Therefore, we 96 estimated Ne of G. pallida populations by using a temporal method developed by Wang (2001) .
97
Rather than working with natural populations, which could sometimes harbor very low 98 genetic diversity leading to infinite estimated Ne, we decided here to work with artificial (Otuzco, Peru_252, Peru_286 and Peru_298; Picard et al., 2004) . Before mixing those 123 populations, the number of larvae was scored for 12 randomly chosen cysts, and a one-way 124 ANOVA showed no significant difference for the number of larvae per cyst between those four 125 populations (F3,44 = 1.59; P = 0.21; Fig. 1 ). The initial census size was thus estimated by 126 multiplying the number of cysts (i.e. 100) by the mean number of larvae per cyst (i.e. 132, Fig.   127 1).
128
[ Figure 1 an allele in a plant and selecting against it in another plant). We have thus assumed that selection 143 is negligible.
144
For each initial population, the 100 cysts were locked in a tulle bag and placed in a 13- The 31 G. pallida populations (i.e. seven initial and 24 final populations) were genotyped using 158 12 neutral microsatellite markers (Gp106, Gp108, Gp109, Gp111, Gp112, Gp116, Gp117, 159 Gp118, Gp122, Gp126, Gp135 and Gp145) developed by Montarry et al. (2015) directly from 160 the G. pallida genome (Cotton et al., 2014) . For each population, from 26 (for Pi_E) to 40 (for 161 Pi_C) larvae, coming from distinct and randomly chosen cysts, were successfully genotyped.
162
Two multiplex panels were used to reduce the time and cost required to genotype the 1,105 163 individuals at the 12 loci.
164
DNA from single larva (i.e. one second-stage juvenile J2) was extracted following a 165 procedure using sodium hydroxide and proteinase K (Boucher et al., 2013) . PCR was performed 166 using a 384-well reaction module (BIO-RAD C1000) in a 5 µL volume containing 1X of Type- 
Population genetic characteristics
180
Genetic diversity of each nematode population was estimated through allelic richness (Ar) and 181 unbiased gene diversity (Hnb) (Nei, 1978) . Departure from Hardy-Weinberg equilibrium was 182 tested through the FIS estimation for each population. Hnb and FIS were computed using GENETIX 183 4.05.2 (Belkhir et al., 1996 (Belkhir et al., -2004 . The statistical significance of FIS values for each population 184 was tested using the allelic permutation method (1,000 permutations) implemented in GENETIX.
185
Ar was estimated on a reduced sample of 26 individuals using the rarefaction method 
191
The method, which is based on the argument that consanguinity and sub-structure generate The effective population size could be important for the control of plant pathogens because the 212 effectiveness of selection is directly linked to the effective population size: selection is less 213 effective in small than in large populations. Indeed, the probability of fixation of an allele in a 214 population depends on its initial frequency, its selective advantage (or disadvantage) and the 215 effective population size. Kimura (1962) showed that the probability of fixation of allele A is 216 given by: 
Results
237
Genetic characteristics of initial and final populations 238
As expected, genetic diversity was high for all initial populations (0.64 < Hnb < 0.69 and 6.25 239 < Ar < 7.34; Table 2) and that diversity was conserved from one generation to the next, i.e. for 240 the final populations (0.59 < Hnb < 0.70 and 5.54 < Ar < 7.14; Table 2 ). All populations, except 241 one (Pf_05), showed a significant heterozygote deficit, with FIS ranging from 0.32 to 0.43 for 242 initial populations and from 0.05 to 0.22 for final populations (Table 2) . Those heterozygote 243 deficits were due to consanguinity and substructure for the seven initial populations (Table 2   244 and Fig S1- showing significant heterozygote deficits (Table 2 and Fig S1-B , Supporting Information).
246
[ 
258
The number of newly formed cysts ranged from 1,060 to 3,407 with a mean (±sem) of Fixing the initial frequency of an allele at 1%, results showed that for Ne = 58, the fixation 269 probability was higher than 50% only for selection coefficients above 0.3, whereas for Ne two-
270
, five-, 10-or 50-times higher, this threshold of 50% was crossed for lower selection coefficients 271 (Fig. 4) .
272
Using the breeder's equation, the estimation of the selection coefficients S exerted by 273 the four resistant potato genotypes used by Fournet et al. (2013) showed that, for Ne = 58, the (Fig. 4) .
277
[ Figure 4 artificial population is thus a way to ensure the absence of migration, and allows to reduce the of Ne/N average only 10-15% (Frankham, 1995; Palstra & Ruzzante, 2008 All data used in this article are available at datadryad.org (doi: to be completed). for each final population. The computation was not possible for Pf_15 (no Ne estimate). The estimation was based on Caballero and Hill (1992, 665 Eq. 10), with α computed from C after Ghai (1969, Eq. 17) , and N = 13,200, the census size of initial populations (see Text).
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